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Plant diseases caused by bacteria lead to enormous yield and economic losses in agricultural production. To
develop innovative bactericides for controlling plant disease, a series of coumarin-3-carboxylic acid derivatives
containing acylhydrazone thioether/sulfoxide were designed and synthesized by utilizing the principles of bio-
isosterism and active splicing. The bactericidal activities of these derivatives were subsequently evaluated. The
result indicated that E2 exhibited the highest antibacterial activities in vitro against Xanthomonas oryzae pv.
oryzae, Ralstonia solanacearum, and Acidovorax citrulli, with ECsg values of 2.97, 1.17, and 1.23 pg/mL, respec-
tively. Moreover, in vivo experiments showed that E2 exhibited robust protective properties against Ralstonia
solanacearum, and Acidovorax citrulli, with efficacies of 72.52 % and 63.90 %, respectively, at a concentration of
100 pg/mL, which was comparable to the positive control kasugamycin at the same concentration. Scanning
electron microscopy analysis revealed that E2 induced changes in the cellular morphology of Acidovorax citrulli,
such as shrinkage and collapse. Subsequent investigation revealed that E2 had the capacity to compromise the
structural stability of the bacterial membrane of Ralstonia solanacearum. This study represents the first report on
the antibacterial activities of this series of coumarin-3-carboxylic acid derivatives containing the acylhydrazone
thioether/single-sulfoxide moiety, and the results suggest that coumarin-3-carboxylic acid derivatives containing
the acylhydrazone single-sulfoxide may hold potential as effective antibacterial agents. And coumarin-3-
carboxylic acid derivatives exhibited promise as plant bacterial agent to prevent rice bacterial leaf blight, to-
mato bacterial wilt, and melon bacterial fruit blotch.

1. Introduction fruit blotch caused by Ac has severely cut production in Cucumis (Zhu

et al., 2023). To date, the use of copper compounds and antibiotics re-

Plant bacterial diseases, including rice bacterial leaf blight, tomato
bacterial wilt, and melon bacterial fruit blotch, caused by Xanthomonas
oryzae pv. oryzae (Xoo), Ralstonia solanacearum (Rs) and Acidovorax
citrulli (Ac), respectively, have the potential to cause a substantial
reduction in crop yield and quality, thereby significantly impacting food
production and security (Huang et al., 1997). For example, bacterial

mains a crucial method for controlling plant bacterial diseases. How-
ever, the overuse of conventional bactericides may result in the
emergence of resistance to targeted pathogens, environmental contam-
ination, and health complications (Zhang et al., 2019; Carpane et al.,
2020; Chita et al., 2020). Thus, there is an immediate need to explore
innovative bactericides that possess novel mechanisms of action and

Abbreviations: (*H NMR), 'H nuclear magnetic resonance; (:3C NMR), *3C nuclear magnetic resonance; (HRMS), High-resolution mass spectrometry; (ECsq),
Median effective concentration; (3-CCA), Coumarin-3-carboxylic acid; (SEM), Scanning electron microscopy; (DMSO), Dimethylsulfoxide; (Xoo0), Xanthomonas oryzae

pv.oryzae; (Rs), Ralstonia solanacearum; (Ac), Acidovorax citrulli.
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Fig. 1. The commercial antibacterial drugs containing acylhydrazone moiety.
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Fig. 2. Design of the target compounds.
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Fig. 3. Synthesis route of the target compounds.

superior efficacy in managing bacterial infections in plants.

Due to their diverse structural characteristics, unique mode of ac-
tions, and potential environmental benefits, natural products serve as a
significant source of lead compounds for the development of new pes-
ticides (Gao et al., 2007; Lin et al., 2012; Zhang et al., 2012; G et al.,
2013; Gerwick and Sparks, 2014; Xiao et al., 2014; Zhang et al., 2015).
Among these compounds, coumarin-3-carboxylic acid (3-CCA) has
garnered considerable attention due to its multifaceted biological ac-
tivities, including antitumor (Chimenti et al., 2004; Zhang et al., 2018),
anticancer (Ji et al., 2020), and antimicrobial properties (Lin et al.,
2012). Notably, the splicing of pyrazole amide and hydrazide at the 3-

carboxyl site of 3-CCA has yielded lead compounds with enhanced
antibacterial, antifungal, and anti-cancer activities, as evidenced by
previous studies (Wei et al., 2017; Liu et al., 2018; Yu et al., 2018;
Esfahani et al., 2021). Despite the absence of any documented reports on
the antibacterial activity of 3-CCA against phytopathogenic bacteria,
our previous study has revealed its remarkable broad-spectrum anti-
bacterial properties against a diverse range of plant pathogenic bacteria
and could break cell membranes (Zhu et al., 2023). Additionally, the
simple structure of 3-CCA presents a promising avenue for further
modification aimed at enhancing its antibacterial efficacy.
Acylhydrazone is a compound of the Schiff base variety that arises
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Fig. 4. Images of the devices used in this study.

from the condensation of acylhydrazine with aldehydes or ketones. The
presence of acylhydrazone in compounds confers a diverse range of
biological activities, including herbicidal (Zeng et al., 2022), insecticidal
(Sun et al., 2015; Ren et al., 2021), bactericidal (Abdelrahman et al.,
2017; Zhang et al., 2020; Zhou et al., 2021), and antiviral properties
(Chen et al., 2016; Xie et al., 2020), which are crucial in the develop-
ment of novel pesticides and medicines. Notable commercial drugs that
contain the acylhydrazone structure include benquinox, furazolidone,
and nitrofurazone (Fig. 1). Consequently, the incorporation of acylhy-
drazone fragments in the development of coumarin-3-carboxylic acid
derivatives with potent bactericidal activity is a viable approach.

Unfortunately, there is a lack of reported information regarding the
antibacterial properties of 3-CCA derivatives that contain the acylhy-
drazone skeleton. As a result, this study aimed to address this gap by
designing and synthesizing a range of 3-CCA derivatives that incorpo-
rated the acylhydrazone moiety (as depicted in Fig. 2 and Fig. 3) through
an active splicing method. The synthesized compounds were then
evaluated for their bactericidal activities, with the ultimate goal of
identifying potential lead compounds for the development of innovative
bactericides that can control plant diseases.

2. Materials and methods
2.1. Instruments

All chemical reagents utilized in this study were commercially
available and were not subjected to further purification. The chemical
reaction processes were monitored through thin-layer chromatography
(TLC) under an ultraviolet lamp. The melting points of the compounds
were determined using a melting point apparatus (Shanghai INESA
Optical Instrument Co., Ltd., China) without temperature calibration.
The 'H and '3C NMR spectra were obtained using a Bruker DKX500
NMR spectrometer (Bruker; Karlsruhe, Germany) with CDCls or
DMSO-dg as the solvent and TMS as the internal standard. The Thermo
Scientific Q Exactive (Thermo Scientific, Missouri, MO) was utilized to
obtain high-resolution mass spectrometry (HRMS) data of the com-
pounds(Fig. 4).

2.2. Chemicals

The present study procured various reaction materials from
Shanghai Titan Technology Co., Ltd (Shanghai, China) and other
chemical materials from Bositai Technology Co., Ltd (Chongging,

China). Coumarin-3-carboxylic acid (3-CCA, 95 %) was obtained from
Bide Pharmatech Ltd. (Shanghai, China), while kasugamycin (65 %) and
a water solution (2 %) were sourced from Shenzhen Novoxin Agro-
chemical Co., Ltd (Shenzhen, China). All chemical reagents and solvents
utilized in the study were of analytical purity.

2.3. Bacteria

In this study, three phytopathogenic bacterial strains, namely Xoo
(bacterial leaf blight of rice), Ac (bacterial fruit blotch), and Rs (tomato
bacterial wilt), were subjected to in vitro antibacterial screening. These
strains were preserved for long-term use by storing them in 20 % glyc-
erol at —80 °C. The strains were cultured either on Luria-Bertani agar
(LA) plates, which contained 10 g of tryptone, 5 g of yeast extract, 10 g
of NaCl, 16 g of agar, and 1 L of distilled water, or in LB broth (without
agar) at 28 °C in the dark.

2.4. Synthesis

2.4.1. Synthesis of intermediates A-C

As shown in Fig. 3, to the solution of substituted salicylaldehyde (10
mmol) in EtOH was added, diethyl malonate (12 mmol) and piperidine
(2 mmol) under an argon atmosphere. After addition, the reaction
mixture was heated to reflux for 12 h to produce intermediates A. Then
using dichloromethane as the solvent, intermediates A (10 mmol) and
hydrazine hydrate (15 mmol) were stirred at —5°C for 10-30 mins. In-
termediates B were saturated with sodium chloride and extracted
with dichloromethane. Subsequently, the intermediates B, KOH (12
mmol), and carbon disulphide (15 mmol) were mixed and refluxed in
ethanol. After the completion of the reaction as monitored by TLC, the
solvent was removed in vacuum. The raw product was washed with
ethanol to obtain intermediates C.

2.4.2. Synthesis of target compounds D1-D12

To the solution of intermediates C (10 mmol) in DMF (25 mL) was
added different halogenated hydrocarbons (24 mmol) and potassium
carbonate (15 mmol). The reaction mixture was stirred for 5-8 h at room
temperature until TLC detection showed the reaction was finished. The
saturated aqueous ammonium chloride solution was poured into the
reaction mixture to obtain a crude product, which was purified by
recrystallization or column chromatography to get target compounds
D1-D12.
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Fig. 5. X-ray crystal structure of compound E2.

2.4.3. Synthesis of target compounds E1-E13

Based on the target compounds D, the target compounds E (10
mmol) were oxidized by m-CPBA (12 mmol) with CH,Cl; as the solvent
at room temperature, then target compounds E1-E13 were obtained by
extraction and purification. The structures of target compounds were
confirmed with 'H NMR, '3C NMR, and HRMS, and the data are
described in the Supporting Information.

The representative data for compound E2 are presented in the
following: ethyl (E)-(ethylsulfinyl)-N-(2-oxo-2H-chromene-3-carbonyl)
methanehydrazonothioate (E2): Yield: 27.93 %, yellow solid, m.p.
142.4-143.7 °C. 'H NMR (400 MHz, CDCl3) § 12.58 (s, 1H), 9.08 (s, 1H),
7.79-7.74 (m, 2H), 7.50-7.42 (m, 2H), 3.39-3.30 (m, 1H), 3.23-3.01
(m, 3H), 1.42 (t,J = 7.4 Hz, 3H), 1.35 (t, J = 7.5 Hz, 3H). 13C NMR (101

3(Thenumberofdiseasedleavesineachgrade x correspondinggradevalue)

2.6. Antibacterial activities of E2 against Ac and Rs in vivo

Invivo, antibacterial activities of target compound E2 against Ac and
Rs were evaluated by greenhouse pot experiments (Li et al., 2013; Li
et al., 2015; Wang et al., 2016; Seong et al., 2019) respectively. Kasu-
gamycin water solution (2 %) was used as the positive control. The
disease symptoms were evaluated each day after inoculation using a
disease index (DI) calculated from a modified O to 9 disease severity
scale: 0, no symptoms; 1, 3, 5 and 7, necrotic lesions on approximately
25 %, 50 %, 75 % and 100 % of the cotyledons, respectively; and 9, total
death of the seedling. The disease index and control effect were calcu-
lated each day based on the following formula:

Diseaseindex =

x 100

totalnumberofleavesinvestigated x thehighestdiseasegradevalue

Controleffect(%) =

Diseaseindexinthecontrolgroup — Diseaseindexinthetreatedgroup «

100

Diseaseindexinthecontrolgroup

MHz, CDCl3) 6§161.19, 158.40, 157.63, 154.71, 150.81, 135.21, 130.27,
125.77,118.41,117.17,116.90, 47.70, 28.99, 16.05, 6.89. HRMS (ESI)
m/z for CisHig04NoNaS, [M 4+ H]T caled: 375.04437, found:
375.04309.

2.4.4. X-ray diffraction

X-ray single-crystal diffraction experiments were conducted at a
temperature of 170 K, using Cu Ka rays as the incident light. The data
collection angles ranged from 8.192° to 144.272°, and the independent
diffraction points were 2613 (Rint = 0.0284, Rsigma = 0.0307). Com-
pound E2 was recrystallized from a mixture of ethanol and dichloro-
methane to obtain a suitable single crystal, with dimensions of 0.14 mm
x 0.12 mm x 0.1 mm for diffraction analysis.

2.5. Antibacterial activity test in vitro

In vitro, antimicrobial activities of all target compounds against Xoo,
Rs and Ac were evaluated using a turbidity assay (Li et al., 2014), with
kasugamycin and 3-CCA as the positive control and dimethyl sulfoxide
(DMSO) as the blank control. The concentrations of compounds used for
screening were 50 and 25 pg/mL respectively.

2.7. Observation of microstructure

The morphologies and microstructures of compound E2 against Ac
were observed by scanning electron microscopy (SEM) (Liu et al., 2021).

2.8. Effect of E2 on the membrane integrity of Rs

The present study assessed the effect of E2 on the membrane
permeability of Ac, utilizing the methodology outlined by (Ernst et al.
2000). A suspension of Rs bacteria was prepared and subjected to
varying concentrations of E2, employing the same procedures as the
previous membrane permeability analysis. Following a 4-hour treat-
ment, the bacteria were collected via centrifugation at 12000 x g for 5
min and subsequently incubated with propidium iodide (PI, 30 pM) for
20 min in the dark at room temperature. Subsequently, the unbound dye
underwent a comprehensive washing process with the PBS buffer, and
the PI fluorescence of both treated samples and controls was assessed via
flow cytometry. The experimentation was conducted thrice, with each
treatment executed in triplicate.
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Table 1
Antibacterial activity of 3-CCA derivatives against Xoo, Rs and Ac.
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Table 2
ECs values of high-activity compounds against Xoo, Rs and Ac.

Sample Inhibition (%)

Xoo Rs Ac

50 pg/ 25 ng/ 50 pg/ 25 pg/ 50 pg/ 25 pg/

mL mL mL mL mL mL
D1 32.46 22.13 3.98 4.71 15.07 11.77
D2 27.15 21.54 5.41 2.74 6.41 5.75
D3 50.42 47.2 1.78 0.31 9.69 6.98
D4 19.49 9.64 15.69 13.32 14.69 8.61
D5 18.75 6.53 8.40 5.65 16.37 6.34
D6 46.93 44.57 1.58 0.25 41.82 17.42
D7 37.19 31.47 2.99 11.01 10.57 0.45
D8 31.88 24.7 0.46 0.26 14.68 8.60
D9 59.03 48.46 7.54 0.68 10.15 5.45
D10 45.11 2.21 1.16 0.26 11.58 11.50
D11 43.73 0.46 21.52 19.24 18.16 3.97
D12 4.06 4.33 13.88 6.71 32.61 26.75
El 92.93 89.76 99.06 96.64 99.97 98.16
E2 96.21 93.17 95.94 94.54 99.75 94.16
E3 93.83 87.09 99.99 99.91 74.86 54.40
E4 41.38 38.84 13.55 7.61 12.33 5.84
E5 46.47 39.40 14.23 11.88 7.91 2.23
E6 82.91 63.11 88.15 60.10 68.25 47.49
E7 95.87 93.69 99.23 79.06 97.80 98.23
E8 88.05 84.69 97.17 88.75 98.55 97.44
E9 71.82 62.10 74.97 58.95 70.61 42.46
E10 7.45 0.33 19.13 12.38 30.72 28.77
E11 86.48 69.87 97.84 39.19 25.76 5.72
E12 92.69 80.81 56.34 5.87 55.28 28.06
E13 80.61 32.56 6.84 5.48 70.79 57.72
3-CCA 47.68 38.18 61.40 47.52 57.23 38.95

Kasugamycin ~ 91.92 90.83 98.94 86.55 98.59 32.36

2.9. Statistical analyses

The SPSS software (version 20.0, IBM Corp., Armonk, NY, USA) was
utilized for variance analysis during data analysis. Statistical signifi-
cance was determined as P < 0.05 through the application of Duncan’s
Multiple Range Test, and the outcomes were depicted in lowercase al-
phabets in both figures and tables. Sigma Plot (version 12.5, Systat
Software Inc., San Jose, CA, USA) was employed to generate graphs.

3. Results and discussion
3.1. Chemistry

The synthesis of target compounds is illustrated in Fig. 3, and syn-
thetic procedures and methods are described in the Materials and
Methods section. The structures of the target compounds were
confirmed through the analysis of 'H NMR, >C NMR and HRMS data,
which were listed in the Supporting Information. Furthermore, the
structure of compound E2 was authenticated via X-ray diffraction
analysis, as depicted in Fig. 5.

3.2. Antibacterial activity of 3-CCA derivatives against Xoo, Rs and Ac in
vivo

The in vitro antibacterial activity of twenty-five 3-CCA derivatives
containing acylhydrazone thioether and single-sulfoxide moieties were
determined against Xoo, Rs and Ac. The results were tabulated in
Table 1. Notably, the acylzone-sulfoxide compounds E1 and E2 exhibi-
ted significant efficacy in controlling plant pathogenic bacteria at a
concentration of 50 pg/mL, with inhibitions of 96.21 %, 95.94 % and
99.75 % against Xoo, Rs and Ac, respectively. These values were higher
than those of the lead compound 3-CCA and were comparable to the
positive control kasugamycin. Compound E3, an acylzone-sulfoxide,
exhibited significant antibacterial activity against Xoo and Rs, with
inhibitory rates of 93.83 % and 99.99 % at a concentration of 50 pg/mL,

Bacteria ~ Compounds LC-P r ECso 95 %FL (ug/
(ug/mL) mL)
Xoo El Y=3.9752+  0.9653 3.43 2.35-5.00
1.9151x
E2 Y =4.3844+ 0.9743 2.97 1.95-4.52
1.3012x
E3 Y =4.0204 +  0.9839 4.49 3.11-6.48
1.5017x
E6 Y=37316+ 0.9983 8.66 5.96-12.58
1.3528x
E7 Y =4.2631+  0.9929 3.02 2.00-4.56
1.5348x
E8 Y = -3.8780 0.9980 3.76 2.77-5.12
+ 1.9498x
3-CCA Y=26739+ 0.9952  33.20 22.97-47.99
1.5292x
Kasugamycin Y =4.1624 +  0.9464 5.19 3.30-8.15
1.1718x
Rs El Y =4.4807 +  0.9813 1.94 1.43-2.64
1.8019x
E2 Y =4.9010 +  0.9507 1.17 0.77-1.78
1.4810x
E3 Y =4.0498 +  0.9815 4.71 3.21-6.92
1.4119x
E6 Y =4.0023 +  0.9968 8.51 5.05-14.34
1.0729x
E7 Y=4.3511+ 0.9610 2.87 1.95-4.23
1.4173x
E8 Y =4.3441+  0.9690 2.78 1.91-4.03
1.4788x
3-CCA Y =23.3851+ 0.9960 28.86 18.16-45.85
1.1059x
Kasugamycin Y =3.9657 +  0.9940 6.09 4.04-9.19
1.3179x
Ac El Y =4.4881+ 0.9895 2.46 1.63-3.69
1.3112x
E2 Y =4.8650 +  0.9965 1.23 0.82-1.85
1.5056x
E3 Y =4.0763 +  0.9831 7.30 4.44-12.00
1.0702x
E6 Y =4.0282+  0.9998 9.92 5.53-17.80
0.9750x
E7 Y=4.1132+  0.9941 3.28 2.29-4.71
1.7174x
E8 Y =4.0509 + 0.9691 4.28 2.97-6.17
1.5035x
3-CCA Y=3.3787+ 0.9932 23.35 15.24-35.79
1.1849x
Kasugamycin Y =3.9056 +  0.9852 9.85 5.81-16.67
1.1019x

respectively. These rates were higher than those of the lead compounds
and comparable to the positive control. Conversely, the bactericidal
activity of acylhydrazone thioethers was observed to be lower, ranging
from 4 % to 47 %.

The antibacterial activity of compounds E6-E8, which were modified
with 7-methoxyl, was found to be higher than that of acylhydrazone
thioether but lower than that of E1-E3. At a concentration of 50 pg/mL,
these compounds were effective against Xoo, Rs, and Ac, with inhibition
rates ranging from 60.10 % to 98.55 %. Additionally, compounds E9,
E11, E12, and E13, which were derived from 6-chloro and 6-fluoro,
exhibited strong selective antibacterial activity against Xoo, with inhi-
bition rates of 71.82 %, 86.48 %, 92.69 %, and 80.61 % at 50 pg/mL,
respectively.

The aforementioned results suggested that the 3-carboxyl moiety
might serve as the active site of 3-CCA, thereby presenting a promising
avenue for further modifications aimed at developing more potent
antibacterial agents. To this end, a total of twenty-five 3-CCA derivatives
were synthesized in this investigation through the incorporation of
acylhydrazone thioether and single-sulfoxide groups at the 3-carboxyl
position of the parent compound. The results obtained indicate that



J. Liang et al.

Table 3
The protective and curative effect of E2 against Ac in vivo.

Sample Concentration Protective effect Curative effect
(ug/ml.) Disease efficacy Disease efficacy
index (%) index (%)
E2 25 38.68 + 35.24c 5391 + 25.90c
3.56b 1.89b
50 23.46 + 60.70b 35.80 + 50.83b
2.14c 1.23¢
100 16.46 + 72.52a 27.16 + 62.63a
2.57d 2.14d
Kasugamycin 100 16.87 + 71.84a 26.60 + 63.40a
2.85d 2.76d
control / 59.67 + / 72.84 + /
3.77a 2.47a

Note: Columns represent the mean + SE. Different letters in the column repre-
sent significant difference at P o5 level, the same as following.

the antibacterial activities of 3-CCA derivatives containing acylhy-
drazone single-sulfoxide outperformed those containing acylhydrazone
thioether. Furthermore, the bacterial activity was significantly impacted
by the substituent R2. The structure-activity relationship (SAR) analysis
of R2 substitutions revealed that the substitution of R2 with benzyl or
bulky groups resulted in reduced antibacterial activity compared to
methyl or ethyl groups, which was consistent with the findings of (Zhang
et al. 2022). Nevertheless, the structural modifications had an overall
detrimental effect on the activity, and no beneficial substitution for the
benzene ring of coumarin was observed. The introduction of F and Cl as
electron withdrawing groups resulted in a significant reduction in
antibacterial activity compared to the absence of substituents. Similarly,
the introduction of a methoxy group as an electron donor group resulted
in inferior antibacterial activity. Consequently, the sulfoxide moiety
may serve as an antibacterial fragment, and sulfoxide compounds may
have the potential as antibacterial agents against plant diseases.

199]J2 2AT)O2}01]

109]J2 2ATIRIN)

healthy plants Control 100
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3.3. Bacterial virulence assays of high activity compounds

Based on the results of the initial screening, high-activity com-
pounds, namely compounds E1, E2, E3, E6, E7 and E8, were selected for
further investigation of their antibacterial virulence. As presented in
Table 2, E2 exhibited the most potent antibacterial activity against Xoo,
Rs and Ac, with ECsq values of 2.97 pg/mL, 1.17 pg/mL and 1.23 pg/mL,
respectively, surpassing those of the lead compound 3-CCA and the
positive control kasugamycin. Similarly, E1 also demonstrated remark-
able bactericidal activity against Xoo, Rs and Ac, with ECsy values of
3.43 pg/mL, 1.94 pg/mL and 2.46 pg/mL, respectively. However, other
modification sites of coumarins also showed moderate antibacterial
activity which ECsg values ranged from 2.78 to 9.92 pg/mL on Xoo, Rs
and Ac respectively.

3.4. Bacterial activity of E2 against Ac and Rs in vivo

Pot experiments were undertaken to investigate the protective and
curative properties of E2 against Ac (Table 3 and Fig. 6). The results
indicated that E2 demonstrated a remarkable protective effect against

Table 4
The protective and curative effect of E2 against Rs in vivo.

Sample Concentration Protective effect Curative effect
(vg/ml) Disease efficacy Disease efficacy
index (%) index (%)
E2 25 30.04 + 44.45¢ 43.89 + 33.08d
1.43b 6.01b
50 23.87 + 56.11b 34.57 + 47.15¢
2.85¢ 3.27c
100 19.75 + 63.90a 29.01 + 55.55b
4.28d 1.85d
Kasugamycin 100 19.34 + 64.34a 25.93 + 60.34a
1.43d 2.14d
control / 54.32 + / 65.43 + /
5.38a 6.42a

50 25 100

E2 Kasugamycin

Fig. 6. The protective and curative effect of E2 against melon bacterial fruit blotch in vivo.
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Fig. 7. The protective and curative effect of E2 against tomato bacterial wilt in vivo.
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Fig. 8. SEM observations of Rs treated with E2 (A) CK; (B) E2 at 1.25 pg/ mL; (C) E2 at 2.5 pg/ mL and (D) E2 at 5 ug/ mL.
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Fig. 9. Effect of compound E2 on relative conductivity of Rs.

Ac, with an efficacy of 72.52 % at a concentration of 100 pg/mL. This
efficacy was comparable to that of the positive control, kasugamycin
(71.84 %), and significantly superior to other concentrations. Further-
more, E2 exhibited significant curative effects against Ac, with a
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curative efficacy of 62.07 % at the same concentration. No significant
difference was observed when compared to the control agent, kasuga-
mycin (63.40 %).

The results of our study indicated that E2 exhibited remarkable
protective and curative effects against Rs in vivo, as evidenced by the
data presented in Table 4 and Fig. 7. Specifically, the efficacy of E2
against Rs was determined to be 63.90 % at a concentration of 100 pg/
mL, which was not significantly different from that of Kasugamycin
(64.34 %). Additionally, E2 demonstrated a moderate curative effect
against Rs, with an efficacy of 55.55 % at 100 pg/mL, which was lower
than that of kasugamycin (60.34 %).

3.5. Effect of E2 on the hyphae morphology of Rs

The present study utilized scanning electron microscopy to investi-
gate the effect of E2 on the ultrastructure of Rs. The results, depicted in
Fig. 8, indicate that the control treatment (7-A) yielded bacterial cells
that were characterized by a mellow, full, elongated, and rod-shaped
morphology. However, exposure to 1.25 pg/mL of E2 resulted in some
cells displaying depression (7-B), and as the concentration of E2
increased, the cells exhibited more severe shrinkage (7-C). Notably, cells
treated with 5 pg/mL of E2 displayed significant shrinkage and distor-
tion (7-D).
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Fig. 10. Effect of compound E2 on cell membrane integrity of Rs.
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3.6. Effects of E2 on cell membrane integrity of Rs

This study employed a conductivity meter and flow cytometer to
assess the impact of E2 on the integrity of the Rs cell membrane. The
findings indicated that the relative conductivity of the solution
increased when the bacterial cell membrane was compromised releasing
of intracellular electrolytes. By measuring the relative electrical con-
ductivity, the effect of E2 on cell membrane permeability could be
determined. The findings, illustrated in Fig. 9, indicated a direct corre-
lation between the concentrations of E2 and the conductivity values.
Notably, a marked escalation in relative conductivity was observed at
the 4-hour mark post-treatment, with the conductivity values of E2 at
1.25, 2.5 and 5 pg/mL significantly surpassing those of the control. The
conductivity values for all treatments reached their zenith at the 24-hour
mark post-treatment.

The bacterial cell membrane can be penetrated by PI, which subse-
quently binds to nucleic acid and elicits a fluorescence response that can
be detected via flow cytometry. This fluorescence response is frequently
employed to evaluate the integrity of the bacterial cell membrane. As
illustrated in Fig. 10, the fluorescence intensity was primarily distrib-
uted between 0 and 10° in the absence of E2 treatment. However,
following E2 treatment, the fluorescence intensity of Rs increased.
Furthermore, the fluorescence intensity increased progressively with
increasing E2 concentrations, peaking at a concentration of 5 pg/mL.

The cell membrane is a critical component in maintaining the
structural integrity of cells and facilitating normal cellular functions,
rendering it a crucial target for antibacterial interventions (Hendrich
et al., 2003). Several natural antibacterial agents, including thymol
(Harnvoravongchai et al., 2018), protocatechualdehyde (Li et al., 2016),
and berberine (Peng et al., 2015), can exert antibacterial effects by
modifying the permeability and integrity of bacterial cell membranes
(Ismail et al., 2020; Langeveld et al., 2014). The findings of this study
demonstrated that treatment of Rs cells with E2 resulted in a charac-
teristic wrinkled and withered surface, increased conductivity, and
elevated fluorescence intensity of PI bound to the nucleus. These results
indicated E2 could significantly undermine the integrity of the Rs cell
membrane.

4. Conclusions

In summary, a total of twenty-five novel 3-CCA derivatives con-
taining the acylhydrazone were synthesized, and several compounds
demonstrated noteworthy antibacterial properties. Notably, compound
E2 exhibited the most potent antibacterial activities against Rs and Ac
both in vitro and in vivo, and disrupted bacterial membrane integrity,
resulting in significant antimicrobial activity. The findings from the
analysis of structural-activity relationship indicated that 3-CCA de-
rivatives containing an acylhydrazone single-sulfoxide moiety with
short linear alkane substituents (methyl/ethyl) exhibited a significantly
higher antibacterial activity compared to those substituted with benzyl
or other large groups. This study represents the first report on the
antibacterial activities of this particular series of 3-CCA derivatives
containing the acylhydrazone thioether/single-sulfoxide moiety, and
the results suggest that 3-CCA derivatives containing the acylhydrazone
single-sulfoxide may hold potential as effective antibacterial agents. And
coumarin-3-carboxylic acid derivatives exhibited promise as plant bac-
terial agent to prevent rice bacterial leaf blight, tomato bacterial wilt,
and melon bacterial fruit blotch.
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